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Abstract 
Tungsten emitter tips are observed 
with a prototype scanning electron 
microscope with an approximate SA 
electron beam size at an accelerating 
voltage of 30kV. A field emission 
electron source and in-lens type 
objective lens are incorporated into the 
electron column. A special specimen 
stage was designed to clean the emitter 
tips using a flashing operation and to 
reduce contamination by heating them 
during the observation. The observed 
emitters were W<Oll> , W<OOl> and 
Ti/W<OOl> . The crystallographic planes 
were clearly visible in the W<Oll> and 
W<OOl> observation. It was also possible 
to observe atomic layer steps of 4.5A 
during the recrystallization process by 
flashing operation of W<Oll> . In the 
observation of Ti/W, it was found that 
the aspect was quite different from that 
of the W<OOl> crystal surface. The 
observed field emission micrograph 
pattern was in good agreement with the 
tip shape. 
Key Words: Ultra-high resolution, field 
emission electron source, in-lens type 
objective lens, tungsten field emitter 
tip, titaniated tungsten field emitter 
tip, crystallographic plane, atomic 
layer. 
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Introduction 
The resolution of scanning electron 
microscopes (SEM) has gradually become 
higher due to improvements in electron 
sources, electron optics, signal 
detectors and so on. Most notably, a 
field emission (FE) gun developed by 
Crewe et al. [2] has been used 
effectively for high resolution SEM 
because of its high brightness and low 
beam energy spread. Komoda et al. [4] 
developed the first FE -S EM with a 
resolution of 50~ at 20 kV in 1972, and 
Shimizu et al. [12] also developed 
another FE-SEM with almost the same 
resolution the following year. Since 
then, some improvements ha ve been made to 
obtain even higher resolution. Nagatani 
et al. [ 11] improved the FE-SEM to reduce 
the working distance to zero and achieved 
a resolution of 15~, and Tanaka [16] has 
taken many excellent images of a 
biological specimen using this SEM. 
Nagatani et al. [10] also tried to 
assemble the FE gun and an in-lens type 
objective lens [14] (specimens are 
positioned inside an objective lens) to 
obtain a resolution of about lOA in 1983. 
For a long time, the resolution 
limit in SEM was theoretically considered 
to be about 10 i. This was based on the 
escape depth and a Monte Carlo 
calculation of the secondary electron 
distribution [5]. In references [16] and 
[17], it was indicated that this 
theoretical model was not perfectly 
applicable to low density biological 
materials covered with thin metal films. 
The model was made for a bulk specimen 
considered to be a semi-infinite solid of 
uniform density. Accordingly, if the SEM 
beam spot could be focused smaller, a 
higher resolution might be obtainable for 
low density material such as biological 
specimens. 
To verify this hypothesis, the authors 
attempted to design an electron column of 
a prototype FE-SEM with an in-lens type 
objective lens to focus the electron beam 
as small as possible. The experimental 
results showed that the electron beam 
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could be focused as fine as si from a 
scanning transmission electron image and 
an SEM resolution of approximately the 
same value was determined from the 
minimum separate distance between coated 
fine platinum particles [7] . 
Subsequently , Tanaka et al . [15] 
developed a UHS- Tl type SEM similar to 
the prototype SEM. Using this SEM at an 
accelerating voltage of 30 kV , they were 
able to confirm a resolution of SK. A 
recently available commercial version of 
the SEM Model S-900 guarantees a 
resolution of BA at 30 kV [9] . 
The authors [8] observed tungsten (W) 
FE tips as an application to show the 
high resolution capability of the 
prototype SEM, and showed the possibility 
of observing atomic layer steps of 
several angstroms . Subsequently , a 
titaniated W<00l> (Ti / W) thermal FE tip 
was also observed, which was recently 
developed in our laboratory [3]. 
Column Construction 
A schematic diagram of the electron 
column is shown in Fig. 1. A W<310> 
cold field emission electron gun is 
incorporated because of its high 
brightness and low beam energy spread . 
In the accelerating lens, a Butler-type 
anode system (l] is used in order to 
minimize aberration [6] . 
FE gun 
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Fig . 1 
column . 
Schematic diagram of electron 
The gun and the anode system are 
followed by two magnetic lenses: a 
condenser and an objective lens . The 
condenser lens controls the 
demagnification and the beam current. 
Specimens are positioned inside the 
objective lens to reduce aberration . The 
972 
lens is the so-called in-lens type. The 
spherical and chromatic aberration 
coefficients of the lens are Cs=l.6rnrn and 
Cc=2.0mm , respectively. The beam spot 
size is mainly limited by spherical 
aberration and diffraction at 
accelerating voltages higher than 10 kV. 
Chromatic aberration and diffraction 
usually limit spot size reduction at 
voltages lower than 5 kV. The calculated 
characteristics of the beam spot size as 
a function of accelerating voltage are 
estimated as shown in Fig. 2. It is 
determined from this figure that a beam 
spot size of about 5~ can be obtained at 
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Fig. 2 Calculated electron optical 
characteristics: beam spot size varies 
according to accelerating voltages in the 
calculation. 
Secondary electrons emitted from the 
specimen are picked up by an SE detector 
located between a pair of scanning 
deflectors and the objective lens, 
because the specimen is located inside 
the lens . Accordingly, a limiting 
aperture is used between the anode system 
and the condenser lens to avoid reducing 
the detectable efficiency of the 
secondary electrons . Moreo ver, a 
detector is placed below the objecti v e 
lens so that electrons transmitted 
through the specimen can be used to form 
a scanning transmission electron (TE) 
image. The beam size is confirmed b y 
analyzing this image. 
The in-lens type objective lens 
restricts the capacity of the specimen 
chamber. Thet maximum specimen size is 
20mmx6mmx2.4mm (X=±4mm, Y=±2mm) . The 
tilt is 40° . The specimen stage is the 
side-entry type . 
Specimen contamination is one of the 
most serious problems in high resolution 
SEM. Therefore, an oil-free evacuation 
system is used in the column. The column 
is evacuated with five ion-pumps.
7 
The 
pressure ultim a tely reaches lxl0- Pa in 
the gun chamber under normal_~perating 
conditions and is in the low 10 Pa range 
in the specimen chamber. 
Observation of W-FE Tips with SEM 
Observation for Tungsten FE-Tip 
The SEM was used to observe W<0ll>, 
W<00l> and Ti/W<00l> field emitters. The 
Ti/W emitter was developed in our 
laboratory [3] and the monolayer of Ti is 
assumed to be adsorbed on the {100} 
plane. The authors tried to observe 
changes in the W<00l> FE tip following 
thermal diffusion of Ti. 
A special specimen stage was 
constructed in order to observe the 
emitters. The emitter tips were cleaned 
by flashing and contamination was reduced 
by heating the tips to several hundred 
degrees centigrade during the 
observations. 
W<Oll> FE Tip 
The W<0ll> emitter is made of a 
0.1mm diameter polycrystalline wire. The 
wire is electrolytically etched and 
polished to form a needle-shaped <011> 
oriented tip as shown in Fig. 3. As the 
crystal planes cannot be observed in the 
tip immediately after etching, it is 
necessary to flash the tip at a high 
temperature in order to clean the.crystal 
planes. The flashing also reforms the 
polycrystalline emitter tip into a single 
crystal through a recrystallization 
process. 
Fig. 3 Tungsten emitter image. 
The tip image shown in Fig. 4 was 
taken after the tip had been flashed 
several times at 2000 ~ 2500 •c in 1 sec. 
bursts. Generally speaking, when an 
emitter is recrystallized, a clean 
pattern can be observed in a field 
emission micrograph (FEM). Since the 
observed emitter registered a clean FEM 
pattern, the tip was considered to be 
completely recrystallized. 
A hemispherical model of a body 
centered cubic (bee) structure is shown 
in Fig. 5, which has been made as 
spherical as possible. As each ball 
represents an atom, the scale of the 
913 
model is about 1/20 of the observed tip 
size. The shape of each crystallographic 
plane in the actual emitter tip image is 
well defined when compared to the model. 
The [110], [211], [111] and [100] faces 
are hexagonal, striped, triangular and 
circular, respectively, in each 
micrograph. Thus, the sufficiently 
flashed and completely recrystallized tip 
is considered to be nearly hemispherical. 
Fig. 4 Tungsten <110> emitter tip image. 
Each number shows Miller indices (hkl). 
Fig. 5 Hemispherical 
structure. 
model of bee 
The atomic layer steps in Fig. 
6-(b) are seen during the 
recrystallization process of a single 
crystal after weak flashing operations 
(1500 ~ 2000°C for 1sec. bursts). The 
image was taken with a direct 
magnification of 750,000. The reason for 
the incomplete recrystallization is 
thought to occur as follows. 
Crystallization usually begins from {110} 
which is the most stable lattice plane, 
and the steps of the {110} plane 
continuously build up to {210 } , {111} and 
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so on. A {100} plane containing no step 
elements of the {110} plane is finally 
formed. As the emitter in Fig. 6 is not 
completely recrystallized, some 
crystallographic planes such as {110} and 
{211} are almost completely developed 
whereas the (010) plane is not formed. 
Fig. 6 Tungsten <011> emitter tip image 
after weak flashing. a) Tip image. b) 
Enlarged image in the vicinity of the 
(010) plane. 
The step size shown in Fig. 6 (b) was 
analyzed as follows. From Fig. 6 (a), 
the shape of the tip is thought to be 
like that shown in Fig. 7 (a). As the 
angle between each crystal plane in the 
bee structure are clearly known, the 
angles between each plane and the primary 
electron beam in the SEM can be analyzed 
from the observed image in Fig 6 (a). 
The result showed that the direction of 
<011 > is tilted about 40° from the beam 
direction. In addition, the (010) plane 
is rotated about 15° counter clockwise 
around <011> as shown in Fig. 7 (b). 
Then, the chord between (010) and (Tl0) 
is almost perpendicular to the beam 
914 
direction. Accordingly, these steps are 
recognized as double atomic layers (4.5~) 
on the (110) plane as shown in Fig. 
7 (c), because the step cycle of the 
(110) plane is about 14~ in width as 
shown in Fig. 6 (b). It is assumed that 







Fig. 7 Schematically analyzed the atomic 
step in Fig. 6 b). a) External form of 
the tip as seen in Fig. 6 a). b) 
Meridian plane containing primary beam. 
c) Schematic cross-section of atomic 
structure. 
The analysis presented above shows 
that the SEM has the ability to resolve 
steps as small as several angstroms, even 
though the step size is not directly 
related to the resolution of the SEM. 
Ti/W<00l> FE Tip 
A Ti / W<00l > field emitter was 
developed to confine the electron 
emission to a relatively small angle. 
The emitter can be operated at a lower 
temperature (1500 K) than that (1800 K) 
of a zirconiated tungsten (Zr / W<00l >) 
field emitter (13]. This emitter also 
offers the advantages of low beam current 
drift of 1%/ hour and low FE noise. 
A single W<00l > crystal wire is 
spot-welded to the apex of a W hair-pin 
filament wire. Ti wire is then twisted 
around the filament. The W<00l > wire is 
then electrolytically etched in the same 
manner as in the conventional FE tip 
formation process. The Ti wire is melted 
by direct heating by passing a current 
through the filament wire in a vacuum 
chamber. When Ti is diffused by heat 
treatment in an oxygen atmosphere, an 
angularly confined FEM pattern is 
obtained in the thermal field emission 
(TFE) mode. 
Observation of W-FE Tips with SEM 
The image of the W<00l> emitter tip 
and its FEM pattern are shown in Fig. 8. 
The crystallographic planes are clearly 
visible and the FEM pattern corresponding 
to each plane is clearly defined. 
Fig. 8 W<00l> FE tip image and its FEM 
pattern. 
The image of the Ti / W emitter tip 
after thermal diffusion of Ti and its FEM 
pattern are shown in Fig. 9. The 
emission is clearly confined in a small 
area and the shape of the emitter tip is 
drastically altered. In the Ti/W tip, 
the shape is hemispherical and the 
portion corresponding to {100) is 
circular steps. In addition, the center 
of the {100) face is seen to be slightly 
concave. Although it is difficult to 
determine whether the Ti on the {100) 
plane is a monolayer or not, it can be 
assumed that the shape of the tip is due 
to the fact that Ti is thinly adsorbed on 
the center of the {100) plane whereas the 
rest of the emitter is covered with a 
thick deposit of Ti. As a result, the 
work function of the {100) plane is lower 
than that of all other planes. It is 
therefore thought that this contributes 
to the angular confinement of the 
emission current. 
Fig. 9 Ti/W<00l> FE tip image and its FEM 
pattern. 
Conclusion 
FE tips were observed using a 
prototype FE-SEM with an in-lens type 
objective lens. The SEM was shown to be 
able to resolve atomic layer steps of 
several angstroms. It was a lso found 
that the tip aspect was drastically 
altered in the Ti/W emitter following 
thermal diffusion of Ti. Consequently, 
it was possible to obtain sharp FEM 
patterns due to confinement of the 
emission current flowing from the tip. 
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Can you suggest how the SEM 
generated for the small 
Authors: We aren't sure exactly in 
detail. We are now attempting to clarify 
this using a Monte Carlo simulation. 
J. Cowley: It has been said that the 
resolution of a SEM image should be 
limited not by the probe size but by the 
delocalization of the inelastic 
scattering processes giving rise to the 
secondary electrons. Do you have any 
evidence for the existence of such a 
delocalization effect? 
Authors: We have no explicit evidence 
for specimens such as these emitters. In 
the observation of GaAs superlattice 
construction, however, we have the 
impression that the resolution 
deteriorates, and this deterioration 
might depend on the delocalization 
effect. 
M. Gesley: Why can the Ti / W emitter be 
operated at a lower temperature than the 
Zr / W cathode? 
Authors: The melting point of Ti is 
lower and it is easier to diffuse than 
Zr. As a result, the Ti / W emitter can be 
operated at a lower temperature. 
M. Gesley: Under what oxygen partial 
pressure and for what time duration is 
the emitter heated to obtain angular 
confinement of the emission current? 
Authors: When making a tip, the partial 
pressuE~ needed during heat treatment is 
l.3xl0 Pa and the thermal diffusion time 
Observation of W-FE Tips with SEM 
is about 30min at about 1800K. In the 
emission mode an oxygen ambient is not 
needed. 
M. Gesley: Re summary paragraph, the 
last paragraph in section "Obs ervation 
for Tungsten FE-Tips" and comments in 
abstract: It may be worthwhile to more 
clearly distinguish between lateral and 
step size resolution, e.g. scanning 
confocal optical microscopy can also 
resolve angstrom-scale step resolution 
without approaching the lateral 
resolution of the SEM. This paper has 
not directly demonstrated sft lateral 
resolution, which is predicted, but only 
14)\. 
Authors: You are right. This is not 
described anywhere in this paper. In 
Ref. 7, however, we demonstrated 
approximately SA lateral resolution from 
the minimum separate distance of platinum 
particles coated on a biological 
specimen. 
J. Orloff: It wou ld be of interest to 
know what the scan t i me is for your high 
resolution micrographs, and what the 
current and noise figures are for the 
focused beam. Also, it appears that the 
final beam aperture in the objective lens 
is actually the image of the a perture 
which is located near the anode. If this 
is so, how good a job does it do in 
preventing stray electrons from reaching 
the target, or are other apertures used 
as well? Finally, how much contribution 
to the final beam size is there from the 
Butler lens, the abe rrations of which 
will become app reciable as 
Vbeam--:> V extraction? . . 
Au~nors: Tne scan time 1s 100sec. and 
th~ 11 beam current is on the order of 10 A. There is another aperture, which 
977 
is located at the center of the condenser 
lens, to prevent the electrons from being 
scattered by the edge of the limiting 
aperture . The aberration of the But ler 
lens is reduced by the demagnification of 
the condenser and objective lenses, and 
is estimated to be less than 1i. 
M.G.R. Thomson: Does th~ detector 
respond to high energy backscattered 
electrons in addition to secondary 
electrons? Is there any difference in 
the obser ved resolution in these cases? 
Authors: As the backscattered electrons 
(B.E.) have a high energy, they are not 
deflected to the detector by the electric 
field of the detector. Therefore , they 
are not detected. If B.E .'s are detected 
in addition to S.E.'s, the resolution 
would be slightly deteriorated, because 
B.E .'s are emitted from deeper and wider 
portions of the specimen than S.E.'s. 
Nagatani and his co-workers in Hitachi's 
Naka works observed the B.E. and S.E. 
images of lead-evaporated particles using 
a Hitachi S-900 SEM and showed that the 
difference in resolution was not 
significant. 
M.G.R. Thomson: Is there any other 
evidence th a t the surface of the Ti /W 
emitter tip contains a dsorbed titanium? 
Is there a ny evidence that this layer 
varies in thickness in different a reas? 
Is oxygen a lso present? 
Authors: This was confirmed by analyz ing 
atoms on a n emitter surface using an atom 
probe FIM. The mass a nalysis revealed, 
in order, the presence of Ti, TiO+WO and 
W. Accordingly, Ti and oxygen are 
present withou t fail. The me asu red 
a mount of Ti corresponds to abo ut one 
monolayer in a detailed analysis. 
